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Abstract
Titanium alloy, Ti-6Al-4V, and commercially pure (CP) Titanium will be used to protect the Solar Probe Plus (SPP) spacecraft against 
hypervelocity impacts by solar dust particles.  The results of six hypervelocity impact (HVI) tests performed on Ti-6Al-4V and CP 
monolithic samples (3 each) are evaluated in terms of cratering and spall damage, and compared with crater depth and spall initiation 
predictions using the Ballistic Limit Equation (BLE) for Titanium shields developed at NASA Johnson Space Center and hydrocode
computations. In the tests, 2017-T4 aluminum spheres with a diameter of 2.35 mm were used to impact the shields at an impact velocity 
of about 7 km/s.  In general, the measured and predicted values of crater depth are found to be in good agreement with each other, 
regardless of the type of Titanium alloy.  In terms of spall damage, two of the three Ti-6Al-4V samples exhibit a noticeable incipient spall
and one sample shows a very faint incipient spall, whereas only one of the CP samples shows a faint incipient spall.  Polished cross-
sections of the samples also indicate sub-crater damage modes such as microcracking, shear localization and large scale grain
deformation, and possibly recrystallization.  Differences observed in the macroscopic and microscopic damage phenomenologies 
exhibited by the two types of Titanium alloys are presented and discussed in terms of their implications on the BLE for shielding design 
calculations.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society.
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1. Introduction
The Solar Probe Plus (SPP) mission will take a spacecraft to within 10 solar radii of the sun [1].  During the 7-year 
mission, the spacecraft will encounter a solar flux environment 50 times larger than that experienced by any other manmade
object.  It will also fly through a dust environment [2] that is expected to inflict hypervelocity impacts (HVI) in the
50-
lightweight, multifunctional (thermal and HVI) shielding solutions for this unprecedented deep space environment has
necessitated a multi-physics computations-based methodology for systematic development of innovative, lightweight 
structural designs within the broader framework of spacecraft design [5].  The methodology, which combines analytical 
modeling, hydrocode modeling and experimental efforts to account for this extreme HVI environment, has been developed 
by the Johns Hopkins University Applied Physics Laboratory (JHU/APL) [4].
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Among the various materials and structural solutions being developed to protect the spacecraft, Titanium alloy Ti-6Al-
4V and commercially pure (CP) Titanium are two important shielding materials.  This paper presents HVI testing of 
candidate Titanium stock for use in the spacecraft, along with damage characterization and preliminary computational 
modeling that have been performed as part of the validation effort for the computations-based design methodology cited 
above.  Additional validation efforts, which include theoretical analyses and other types of testing, are underway but not 
discussed here.  SPP-relevant computations show that HVI at velocities in excess of 50 km/s may not be limited to cratering 
and/or a single spall.  Damage can also include arrays of sub-crater microvoids, or microcracks or closely spaced multiple 
spalls (Fig. 1).  Consequently, sub-crater damage and spall development are examined in some detail, in addition to the size 
of impact craters. 
 
 
Fig. 1. In addition to the formation of a crater and a single spall, HVI at SPP-relevant velocities can generate sub-crater distributed damage and multiple 
spalls [5], whose evolution must be considered in order to complete a damage assessment. 
2. Experimental procedures 
The HVI tests were performed at the University of Dayton Research Institute (UDRI) Impact Physics Laboratory using a 
50/20 mm, two-stage, light-gas gun.  The test articles were 8.48 mm thick Ti 6Al-4V plates and 9.60 mm thick 
commercially pure titanium plates.  A 0.51 mm thick 2024-T6 aluminum witness plate was placed 38 cm behind the targets.  
The impact location was targeted at the center of the test article with the target oriented perpendicular to the projectile 
trajectory.  The projectiles used for these tests were 2.35 mm diameter 2017-T4 aluminum spheres with a nominal weight of 
0.0192 g. 
 
The projectile velocity was measured with four HeNe laser/photodetector stations placed at various intervals along the 
projectile fight path over a distance of 4.06 meters.  The last laser station was located approximately 38 cm from the target.  
Each laser projected a beam that intersected the projectile trajectory normal to the trajectory and illuminated an opposing 
photodetector station.  When the projectile interrupted the beam, the interruption time was recorded by an HBM Genesis 
data acquisition system operating with a sampling rate of 10 MHz.  The impact velocity was calculated by dividing the 
distance traveled between the laser/photodetector stations by the difference in the time of arrivals recorded between the 
respective laser/photodetector stations.  Velocity measurement accuracy is better than 0.5%.  The atmosphere in the target 
chamber was air at a pressure of 12 mm Hg. 
3. Results 
A total of six HVI tests were conducted.  Table 1 gives a summary of the test conditions. From each Ti 6Al-4V and CP 
sample, wire electrical discharge machining (EDM) was used to remove the 1-inch square section surrounding the impact 
crater from the bulk plate (Fig. 2).  The impact craters were photographed prior to any destructive evaluation.  The samples 
were further analyzed using an optical 3D micro coordinate system (Alicona Infinite Focus).  Images and data generated by 
this technique provided information on crater size, depth and shape; an example of a real-color image from this system is 
shown in Fig. 3 for a CP sample.  This technique was used to measure the diameter and depth of the craters; these results are 
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presented in Table 2, along with measurements made using an optical comparator and a depth gage.  There is reasonable 
agreement (less than 10% difference) in these measurements for both of the techniques employed.  No significant difference 
in crater diameter was observed between the CP and Ti-6Al-4V samples, although the average crater depth was 
systematically slightly larger for the CP samples than the Ti-6Al-4V samples.  
 
Table 1- Conditions of Impact Testing and Measured Crater Depth 
 
Shot Number 
 
Material 
 
Sphere Diameter 
(mm) 
Sphere Mass  
(g) 
Impact Velocity 
(km/sec) 
4-2082 CP 2.350 0.0192 7.14 
4-2083 CP 2.357 0.0192 6.98 
4-2084 CP 2.357 0.0192 7.11 
4-2080 Ti-6Al-4V 2.350 0.0191 7.24 
4-2088 Ti-6Al-4V 2.354 0.0191 7.02 
4-2089 Ti-6Al-4V 2.360 0.0192 7.04 
 
 
 
Fig. 2. Example of crater in a Ti-6Al-4V sample after wire EDM to remove it from the bulk plate. 
 
 
 
Fig. 3. Real-color image of an impact in a CP sample form an optical 3D micro coordinate system (Alicona Imaging GmbH). 
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Table 2 - Crater Diameter and Depth Measurements 
 
Shot 
Number 
 
Material 
 
Diameter (mm) 
[Light Microscope] 
 
Diameter (mm)a 
[Optical Comparator] 
 
Depth (mm) 
[Light Microscope] 
 
Depth (mm) 
[Depth Gage] 
 
4-2082 CP 7.79 7.91 3.06 3.02 
4-2083 CP 8.00 8.46 3.00 2.97 
4-2084 CP Not Meas 8.43 Not Meas 3.02 
4-2080 Ti-6Al-4V 7.86 8.01 2.61 2.85 
4-2088 Ti-6Al-4V 8.79 8.23 2.92 2.77 
4-2089 Ti-6Al-4V 8.34 8.60 2.95 2.72 
a - The crater diameters were not round.  The reported diameters are an average of two orthogonal measurements. 
 
A high-speed abrasive saw was used to section each sample at a slight offset from the center line of the crater. The 
reagent.  Stereoscope images of the as-prepared cross sections shown in Fig. 4 illustrate the overall shape and scale of the 
impact craters.  From these images, it appears that the Ti-6Al-4V samples exhibit more pile-up of material around the crater 
surface than observed for the CP samples.  Visible backside deformation, or a bulge on the surface opposite of the impact 
site, was observed to some degree on all samples; examples are shown in Figs. 5 and 6.  Consistent with this, incipient spall 
was readily observed (Fig. 7) in one of the CP (Shot 4-2082) and two of the Ti-6Al-4V samples (Shots 4-2080 and 4-2089).  
Higher magnification light microscope (Fig. 8) and scanning electron microscope (Fig. 9) images suggest multi-site 
microcrack initiation and microstructure-modulated crack growth in both the Ti-6Al-4V and CP samples. 
 
Examination of the region immediately beneath and adjacent to the impact crater revealed the presence of numerous 
shear bands and associated cracking in both the CP (Fig. 10) and Ti-6Al-4V samples (Fig. 11).  Broadly, the shear bands are 
approximately parallel to the contour of the crater floor and each other, with spacings on the order of a few hundred 
micrometers.  Unlike the propagation of the incipient spall microcracks, propagation of the shear bands is seen to be 
independent of the grain-scale microstructure, which is notably transformed adjacent to the shear bands, and in the sub-
crater region in general.  In some samples, a fine-grained structure was observed at the surface of the crater; an example of 
this is evident in the left-side of the image shown in Fig. 10(b).  It was not determined in this study if these features are an 
indication of recrystallization of the titanium, or if it is deposition of the aluminum projectile used during impact testing. 
 
 
 
Fig. 4. Stereoscope images of the as-prepared crater cross sections.  Samples were etched in Keller's reagent. 
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Fig. 5. Slight backside deformation (arrow) in CP sample (shot 4-2082).  The red line approximates the original backside surface. 
 
 
 
Fig. 6. More severe backside deformation (arrow) in a Ti-6Al-4V sample (shot 4-2080).  The red line approximates the original backside surface.  Note 
also that the subsurface cracking is readily observable in this sample. 
 
 
 
Fig. 7. Light microscope images of incipient spall at the backside of the impacted samples.  Spalling and crack formation was most severe in the Ti-6Al-4V 
samples, although one of the CP samples did exhibit some cracking. 
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Fig. 8. Higher magnification light microscope image of the incipient spall crack formed in a Ti-6Al-4V sample (shot 4-2080). 
 
 
 
Fig. 9. Secondary electron image of the incipient spall crack formed in a Ti-6Al-4V sample (shot 4-2080).  Note also the presence of small cracks and 
voids across the sample (red arrows). 
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Fig. 10. Features observed beneath the impact craters for CP samples.  Void and cavity formation (a) was observed in all CP samples, and features that 
appear to be shear bands (red arrows in (b)) were observed in selected regions.   
 
 
 
Fig. 11. Features observed beneath the impact craters for Ti-6Al-4V samples.  Void and cavity formation was exhibited in all Ti-6Al-4V samples, and 
features that appear to be shear bands (red arrows in (b)) were observed in selected regions. (a) bright field illumiation, (b) differential interference contrast 
illumination. 
4. Computational Analysis 
As shown in the previous section, the subject HVI testing resulted in damage in the forms of cratering, sub-crater 
plasticity, and spalling.  To simulate the damage observed in the sectioned and polished Ti-6Al-4V and CP Titanium 
samples, computational analysis using the CTH hydrocode [6] was performed.  In general, modeling HVI material response 
in the hydrocode framework consists of up to 4 sub-models each for the impacting particle and shielding materials [7]: 
 
i.  an equation of state (EOS) for representing shock-induced thermodynamic (phase) changes 
ii.  a constitutive strength model for representing mechanical strength as a function of strain, strain rate, temperature, etc. 
iii.  a material failure model for representing strain to failure as a function of strain rate, pressure, temperature, etc., and 
iv.  a material failure model for representing spalling 
 
For modeling Titanium, the EOS for Ti-6Al-4V and pure Titanium developed by Kerley [8] were used.  For the strength 
modeling, rate-dependent strength models based on the Johnson-Cook [9] and Steinberg-Guinan-Lund (SGL) [10] 
formulations were calibrated to strain-rate-dependent strength data to obtain previously unavailable parameters for these 
materials.  Fig. 12 shows the strain-rate dependent strength behavior of Ti-6Al-4V [11] and CP Titanium [12] used to derive 
strength model parameters. 
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(a) (b) 
 
Fig. 12. Strain-rate dependent strength data and SGL models for: (a) Ti-6Al-4V, and (b) CP Titanium. 
 
The Johnson-Cook strength model relates the Von Mises flow stress, Y, to equivalent strain, , non-dimensionalized 
strain rate, , and non-dimensionalized temperature, T*, as shown in Equation (1); A, B, C, n and m are material constants 
that must be determined from strain, strain rate and temperature dependent strength data. 
 
  (1) 
 
The SGL model, shown in Equation (2), separates the dependency of the VonMises flow stress on the equivalent plastic 
strain, p, and equivalent plastic strain rate, , by introducing thermal and athermal components, YT and YA, respectively.  
Temperature, T, and pressure, P, dependency is accounted for through a scaled shear modulus, , where G0 is a 
reference value. 
 
  (2) 
 
The athermal component represents strain hardening, and is in the form of Equation (3), where  and n are strain 
hardening parameters.  It is related to the material Hugoniot elastic limit. 
 
  (3) 
 
The thermal component is related to the equivalent plastic strain rate, and a number of parameters related to the Peierls 
mechanism and dislocation drag [13] through Equation (4):  is the density, b is the dislocation Bur w is the 
width of a kink loop, L is the dislocation segment length, a is the distance between Peierls valleys,  is the Debye 
frequency, 2Uk is the energy required to form a pair of kinks, k D is the dislocation drag 
coefficient, and YP is the Peierls stress. 
 
  (4) 
 
For modeling strain, strain-rate and temperature dependent failure, Johnson-Cook model parameters developed by Kay 
[14] were used for Ti-6Al-4V and CP Titanium.  This model, shown in Equation (5), relates the fracture strain, f, to 
normalized values of temperature, strain rate and mean stress, *; D1-D5 are material constants. 
 
  (5) 
 
For the spall strength of Ti-6Al-4V, a value of 5 GPa was used [15]; for CP Titanium, values of 3.3 GPa [16] and 
6.5 GPa [17], corresponding to strain rates of 105 s-1 and 106-107 s-1, respectively, were considered. 
 
For modeling the high-rate response of the Aluminum alloy 2017-T4 sphere, material models for Aluminum alloy  
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2024-T4 [6] were adopted owing to the metallurgical proximity of these two alloys and ready availability of models for 
2024-T4.  Specifically, a SESAME EOS was combined with an SGL strength model.  Johnson-Cook fracture constants were 
obtained from Kay [14] and a spall strength value of 1.46 GPa was used based on measurements by Joshi et al. [18].  The 
accuracy of using 2024-T4 material constants to model the subject 2017-T4 sphere material was verified by performing 
computations of cratering obtained from HVI of 2017-T4 spheres on Aluminum alloy 6061-T6 shields [19], for which 
modeling parameters are established [6].  These computations demonstrated excellent agreement between the measured and 
computed crater depths. 
 
Fig. 13 shows representative damage predictions in Ti-6Al-4V and CP Titanium obtained with the Johnson-Cook and 
SGL strength models.  In all cases, the difference between the measured and computed crater depths is found to be less than 
10%, and both the experiments and the simulations indicate spalling.  It is also noted that the predicted crater depths using 
the Ballistic Limit Equations (BLE) for Titanium monoliths [20] are in excellent agreement with the measured values (see 
Tables 2 and 3). 
 
 
(a) 
 
(b) 
 
Fig. 13. Computed crater depths and spalling obtained with Johnson-Cook and Steinberg-Guinan-Lund rate-dependent strength models in: (a) Ti-6Al-4V 
(7.24 km/s, test UDRI 4-2080), and (b) CP Titanium (7.14 km/s, test UDRI 4-2082). 
 
 
 
Johnson-Cook 
Johnson-Cook 
SGL 
SGL 
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Table 3  BLE-predicted values of crater depth. 
 
Shot 
Number 
 
Material 
 
Depth (mm) 
[BLE] 
 
4-2082 CP 3.07 
4-2083 CP 3.03 
4-2084 CP 3.07 
4-2080 Ti-6Al-4V 2.90 
4-2088 Ti-6Al-4V 2.84 
4-2089 Ti-6Al-4V 2.86 
 
According to the BLE, the crater depth (in cm), P , in a semi-infinite Titanium solid is given by 
  (6) 
 
where d is the projectile diameter (in cm), BHN is the Titanium Brinell hardness, p and Ti are the projectile material and 
Titanium densities (in g/cc), respectively, V is the impact velocity (in km/s), and CTi is the sound speed in Titanium (in 
km/s). 
 
With regard to spall prediction in Ti-6Al-4V and CP Titanium, all of the models considered are successful in predicting 
spall.  Generally, the present results indicate that the computed spall is more developed than the actual spall.  This 
difference is more pronounced for CP Titanium.  To some extent, such a difference is reasonable as actual spall initiation 
and growth are modulated by grain structure, size and boundaries whereas the computations assume a homogeneous 
material. For SPP, the relative overdevelopment of the predicted spall adds conservatism to design calculations and is 
therefore beneficial.  Nevertheless, more detailed comparisons between the predictions and computations, including spall 
width and location, and analysis of the effects of the spall strength value and interactions between the material strength and 
failure models are underway to obtain a better understanding of potential limitations with regard to predicting spall onset 
and growth. 
5. Summary 
The results and analysis of 6 HVI tests on 8.48 mm thick Ti-6Al-4V and 9.60 mm thick commercially pure titanium 
materials proposed for shielding the Solar Probe Plus spacecraft from solar dust hypervelocity impacts are presented.  The 
titanium samples were impacted by 2.35 mm diameter 2017-T4 aluminum spheres at velocities ranging from 6.98 to 7.24 
km/sec.  Damage characterization and preliminary computational modeling were performed as part of the validation effort 
for the design methodology of this system.  No significant difference in crater diameter was observed between the CP and 
Ti-6Al-4V samples, although the average crater depth was systematically slightly larger for the CP samples than the Ti-6Al-
4V samples.  Microscopic examination of the region immediately beneath and adjacent to the impact crater revealed the 
presence of numerous shear bands and associated cracking in both the CP and Ti-6Al-4V samples.  In terms of spall 
damage, two of the three Ti-6Al-4V samples exhibit a noticeable incipient spall and one sample shows a very faint incipient 
spall, whereas only one of the CP Ti samples shows a faint incipient spall.  All samples exhibited some degree of backside 
deformation. 
 
Related recent hydrocode computations show that HVI at velocities in excess of 50 km/s may not be limited to cratering 
and/or a single spall [5].  Damage can also include arrays of sub-crater microvoids, or microcracks or closely spaced 
multiple spalls.  For this reason, sub-crater damage and spall development were examined in some detail, in addition to the 
size of impact craters.  Damage predictions in the Ti-6Al-4V and CP Titanium obtained with the Johnson-Cook and SGL 
strength models were found to be in good agreement of the test data (less than 10% difference) and both the experiments 
and the simulations indicated spalling.  The predicted crater depths using the BLE for Titanium monoliths were also in 
excellent agreement with the measured values. 
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